The objective of the current study was to examine the effect of pasteurization of waste milk, used to feed dairy calves, on the bacterial diversity of their lower gut. Using 16S rDNA bacterial tag-encoded FLX amplicon pyrosequencing, fecal samples from dairy calves, ages 1 wk to 6 mo old and fed either pasteurized or nonpasteurized waste milk, were analyzed for bacterial diversity. Calves were maintained on 2 separate farms and, aside from how the waste milk was treated, were housed and cared for similarly. Fifteen calves were sampled from each age group (1, 2, and 4 wk, and 2, 4, and 6 mo of age; n = 90 samples per milk treatment, 180 total samples) on each farm via rectal palpation and the samples shipped and frozen before analysis. In general, bacterial diversity, as represented by the total number of different species, was greater for the calves fed pasteurized waste milk at all ages (except 1 wk of age) and increased with increasing age in both treatments. Proteobacteria, Bacteroidetes, and Firmicutes were the predominant phyla. Differences in phyla and class were observed among treatments and age of calf but with no consistent trends. Salmonella were detected in 9 out of 14 (64%) of the 1-wk-old calves fed nonpasteurized milk. Treponema, an important beneficial bacterium in cattle rumen, was more prevalent in the pasteurized waste milk-fed animals and became higher in the older animals from this group. Escherichia-Shigella were detected among treatments at all ages, and highest at 1 wk of age, averaging approximately 21 and 20% of all bacteria for calves fed pasteurized and nonpasteurized waste milk, respectively, and decreasing as calves aged (2.6 and 1.3%). The consistent detection of Salmonella in the younger animals fed nonpasteurized milk and its absence in all other groups is an important finding related to this feeding practice.
INTRODUCTION
Although the specifics of calf management programs on commercial dairy operations in the United States vary, not only among regions but also among farms within a geographical location, the general procedures are the same. Calves are removed from their dams soon after birth, administered colostrum, and housed in individual hutches. Feeding programs typically involve twice-daily feeding of whole milk, milk replacer, or a combination of the two, along with water and a starter feed provided. Calves are generally weaned from the milk diet anywhere from 4 to 8 wk of age, once intake of the starter feed is deemed sufficient, and are often moved from individual to group pens at this same time.
The size of modern commercial dairies had increased substantially in the past 20 yr (USDA-NASS, 2002) , particularly in the western United States, with farms of 2,000 to 3,000 head relatively common. This increase in herd size has also resulted in an increase in nonsaleable (discard or waste) milk produced. Waste milk is produced from cows in the first few milkings of the lactation cycle or from cows treated with antibiotics, often for mastitis, and cannot be sold for human consumption (Chardavoyne, et al., 1979) . The amount of waste milk produced is substantial and ranges from 22 to 62 kg per cow per year (Blosser, 1979) . To reduce some of this economic loss, dairy producers use this milk to feed calves. The 2002 National Animal Health Monitoring System (NAHMS) Dairy Survey reported that 87.2% of dairy farms in the United States use waste milk to feed their calves (USDA-NASS, 2002) . Research has demonstrated that growth rates and the incidence of scours were similar among calves fed waste milk as compared with milk-fed controls (Chardavoyne et al., 1979; Keys et al., 1980; Kesler, 1981) ; however, waste milk can expose young calves to various pathogens. In an effort to reduce this risk of transmission, producers are pasteurizing waste milk before calf feeding. Benefits Development of colonic microflora as assessed by pyrosequencing in dairy calves fed waste milk T. S. Edrington ,* 1 S. E. Dowd , † R. F. Farrow ,* G. R. Hagevoort , ‡ T. R. Callaway ,* R. C. Anderson ,* and D. J. Nisbet * of on-farm pasteurization include reduced diarrhea and pneumonia and improved weight gains (Jamaluddin et al., 1996) . Pasteurization also kills bacteria such as Mycobacterium paratuberculosis (responsible for Johne's disease), Salmonella, and Mycoplasma (Stabel et al., 2004) , if present in the milk.
Salmonella is considered an important pathogen in dairy calves and a significant causative factor of neonatal calf scours. Previous research in our laboratory indicated that fecal shedding of Salmonella, and in particular multidrug-resistant Salmonella, was most prevalent in young calves (preweaning) and cows in the hospital pen (Edrington et al., 2008) . This suggests that Salmonella is opportunistic and tends to thrive in an immature or disturbed gastrointestinal microflora, such as would be found in these 2 subpopulations of dairy cattle. Pasteurization of waste milk, if done properly, will kill Salmonella (Stabel et al., 2004) and significantly decreases the number of total bacteria (Ruzante et al., 2008) . On the other hand, pasteurization would also kill beneficial bacteria that may be contained in the waste milk, species that might enhance gastrointestinal maturity of the gut and aid in the prevention of Salmonella colonization. Therefore, the objective of the current experiment was to examine bacterial diversity and Salmonella populations in dairy calves from 1 wk to 6 mo of age and fed either pasteurized or nonpasteurized waste milk.
MATERIALS AND METHODS

Animals and Sample Collection
Fecal samples analyzed in this research were collected on 2 large commercial dairy farms (>3,000 head) in the southwestern United States in April 2008. Calves were sampled on each farm representing 6 age groups: 1 wk, 2 wk, and 1, 2, 4, and 6 mo of age. Both farms used waste milk to feed the calves before weaning, one farm pasteurizing the milk before feeding and the other using nonpasteurized waste milk. Other than pasteurization of the waste milk, management, care and housing of the calves were similar on both farms. Fecal samples (approximately 20 g) were collected via rectal palpation or from freshly voided fecal pats from 15 animals per age group on each farm (n = 90 samples/farm; 180 total samples). Fecal samples were collected into sterile palpation sleeves, placed on ice, and shipped to our laboratory in College Station, Texas. A portion of the fecal sample (~2 g) was placed in a 15-mL conical tube and frozen before shipping to the Research and Testing Laboratory (Lubbock, TX) for the bacterial tagencoded FLX amplicon pyrosequencing (bTEFAP) processing as described below.
Fecal samples were subjected to bacterial tag-encoded FLX amplicon pyrosequencing, as described previously (Dowd et al., 2008; Smith et al., 2010; Ishak et al., 2011) . Samples were processed based upon FLX (nontitanium chemistry), generating an average read length of 248 bp. Extraction of total genomic DNA from the fecal samples was accomplished using a QIAamp stool DNA mini kit per the manufacturer's recommendations (Qiagen Inc., Valencia, CA). The DNA samples were quantified using a Nanodrop spectrophotometer (Nyxor Biotech, Paris, France). Custom software written in C# within Microsoft.NET (Microsoft Corp., Seattle, WA) development environment was used for all postsequencing processing (Dowd et al., 2008; Smith et al., 2010; Ishak et al., 2011) . Sequences were Q20 trimmed, tags and primers removed, chimeras removed, short reads <220 removed, plastid and mitochondrial sequences removed, sequences with degenerate bases removed, and sequences with homopolymers >5 bp removed. Sequence data was then analyzed as has been described previously to derive taxonomic data (Dowd et al., 2008; Smith et al., 2010; Ishak et al., 2011) and diversity estimates calculated using mothur (Schloss et al., 2009 ) and UniFrac analysis (Lozupone et al., 2011) were performed as described previously (Pitta et al., 2010) . Classification was performed using the BLASTn program (available at http://www.ncbi.nlm. nih.gov/blast/) as described previously (Smith et al., 2010; Ishak et al., 2011) .
Statistics
Statistics were performed on the bacterial diversity data using NCSS 2007 software (NCSS LLC, Kaysville, UT). Fecal Salmonella prevalence was subjected to chisquared analysis using the PROC FREQ procedure of SAS Institute Inc. (Cary, NC). Differences were considered significant at P < 0.05) unless otherwise stated. The data for individual animals was compiled into age groups and farms by pooling the sequence data from each individual animal and processing the data together. Following this, dual dendrograms were constructed in NCSS 2007 using Ward's minimum variance clustering and Manhattan distances (NCSS LLC). Principle component analysis was based upon UniFrac methods.
RESULTS
In general, bacterial diversity, as represented by the total number of different characterized and noncharacterized species, increased with increasing calf age and 4521 was greater for the calves fed pasteurized waste milk at all ages, with the sole exception of 1-wk-old calves (Figure 1) . Chao1 values (estimate of the true species diversity of a sample) and rarefaction estimates were calculated at 3% divergence to estimate the number of species for each group of animals. The diversity increased with age. The pasteurized milk-fed animals started with the lowest diversity compared with the nonpasteurized milk-fed animals (Chao1 162 vs. 215); however, by wk 2, the diversity estimators were consistently higher in the pasteurized milk-fed groups (Table  1) . A more specific comparison of the predominant phyla is presented in Table 2 . Proteobacteria accounted for approximately 20 to 30% of the total phyla at 1 and 2 wk of age, decreasing by 4 wk of age and remaining at a low percentage through the remaining collections. The number of Spirochetes in the nonpasteurized milk-fed groups steadily increased with age, becoming significantly higher at 6 mo of age (P < 0.001) when compared with all groups from the pasteurized milkfeeding farm. Bacteroidetes and Firmicutes were the most prevalent phyla, regardless of type of milk fed and were the predominant 2 phyla by 4 wk of age and older. Actinobacteria were relatively low in number (less that 10% of total phyla) at all ages on both farms. At 4 wk, Bacteroidetes were significantly greater in number in the group fed pasteurized milk. Figure 2 presents a broad overview of the 50 genera that were the most abundant among the combined group analysis (average percentage across all groups or animals). The level of relatedness was closest at 1 and 2 wk of age (both farms; more similarity in the calves fed nonpasteurized milk), at 4 wk and 2 mo of age (both farms), and at 4 and 6 mo of age (each farm). This indicates that the farms have distinct microbial populations as animals mature, possibly related to the early dietary differences. Highlighted in the dendrogram on the right y-axis are those genera that contributed strongly to the clustering. Prevotella was a strong population in the 4-and 6-mo-old group from farm B and Akkermansia population was notably larger in 4-and 6-mo-old calves from farm A (also seen in the 2-mo-old group). The Shigella-Escherichia population was the notable population in both farms for the younger animals and an absence of Collinsella abundance distinguished the 2-mo-old animals in both groups.
Based upon UniFrac weighted principal component analysis, we evaluated 1-wk, 4-wk, 2-mo, and 6-mo groups (Figure 3 ). Calves at 1 wk of age had similar microbial populations that were not significantly differ- Figure 1 . Bacterial diversity, as measured by total number of characterized and noncharacterized species, in dairy calves 1 to 24 wk of age and fed either pasteurized (P) or nonpasteurized (NP) waste milk. ent, whereas by wk 4, the animals fed a pasteurized-milk diet had diverged further from the starting enterotype. By 6 mo, animals fed pasteurized milk had resolved into a tight cluster (more similar populations), whereas the nonpasteurized milk-fed group at 6 mo had more differences in their microbiome among the individual animals. Salmonella was detected consistently in 1-wk-old animals fed nonpasteurized milk. Nine of the 14-wkold calves (64%) had detectable levels of Salmonella. None of the animals fed pasteurized milk were positive for Salmonella. Among the rest of the samples, only 4 were positive for Salmonella, 2 from the pasteurized milk-fed older animals (2-6 mo of age) and 2 from the nonpasteurized milk-fed groups.
DISCUSSION
The goal of a successful calf-rearing program is to minimize the stress associated with calf removal from the dam and subsequent exposure to potentially infectious agents by providing a clean, dry housing environment and a nutritious and palatable diet. Newborn calves during the first few weeks of age are particularly susceptible to a variety of intestinal pathogens including Salmonella, Escherichia coli, rotavirus, and Cryptosporidium. Previously, we reported that young dairy calves and cows in the sick/fresh pen were the most likely classes of dairy animals to be shedding Salmonella (Edrington et al., 2008) . Salmonella, although routinely cultured from healthy mature animals (Edrington et al., 2004 (Edrington et al., , 2008 Fitzgerald et al., 2003) , appears to be opportunistic in exploiting immature (calves) or impaired (sick and fresh cows) gut microbiota.
Nonsaleable waste milk is often fed to dairy calves in either a pasteurized or nonpasteurized form. Significant reductions in total bacterial counts (Ruzante et al., 2008) as well as specific pathogens such as Salmonella, Mycoplasma, and M. paratuberculosis (Stabel et al., 2004) have been reported following pasteurization. Coupled with the reported prevalence of Salmonella in raw milk and colostrum (Sweeney et al., 1992; Butler et al., 2000; Houser et al., 2008) , pasteurization of waste milk would seem to be a logical procedure to ensure calf health and reduce pathogen exposure. However, not all farms pasteurize their waste milk before feeding. Additionally, although significant reductions (90-95% in some cases) in bacterial counts have been reported immediately following pasteurization, recolonization or recontamination of the milk occurs rapidly (Ruzante et al., 2008) . Therefore, although pathogenic bacteria in the waste milk can be eliminated, without proper and consistent postpasteurization milk-handling procedures, the total bacterial load reaching the calves Percentages within a row (within bacterial category) that do not share a common superscript letter differ (P < 0.05).
may not be different when comparing pasteurized to nonpasteurized waste milk.
Therefore, the objective of the current research was to determine if pasteurizing waste milk before feeding to dairy calves affected bacterial diversity of the intestinal flora as a measure of gut development. We used a novel tag bacterial diversity amplification method (bTEFAP) that uses massively parallel pyrosequencing techniques and fecal samples from calves (ages 1 wk to 6 mo) fed either pasteurized or nonpasteurized waste milk. Although biases exist with these molecular approaches compared with traditional culture methods, the data generated by bTEFAP is extensive and provides a very detailed examination of the bacterial microbiome. However, due to the massive amount of data this technique generates, determining the best method of analysis and presentation is not as straightforward as it might seem.
As the animals studied were young calves with developing gut microflora, we chose to look at the overall picture of bacterial diversity as well as a few individual bacterial species of importance in dairy calves.
Overall, the total number of different characterized and noncharacterized bacterial species was greater for calves fed pasteurized waste milk. This was somewhat surprising, as we expected the pasteurization process to provide a cleaner product in terms of bacteria present and, therefore, less diversity. This was the case in calves 1 wk old but not in the older calves. We suspect that the increased diversity in the older calves is likely a result of recolonization of the waste milk following pasteurization. As mentioned above, this occurs rapidly following pasteurization (Ruzante et al., 2008) and may account for the differences in the 2 sets of calves. Unfortunately, we did not sample or culture any of the waste milk during the study so we can only speculate, but this would seem a logical explanation.
As might be expected, when a phylum was higher in one group, another of the major phyla was typically lower. For example, Bacteroidetes was higher in calves fed pasteurized waste milk at the younger ages, whereas Firmicutes was lower, suggesting the filling of a bacterial void by other phyla. Populations of the lower intestinal bacteria of cattle are dominated by strict anaerobes such as Bacteroides and Clostridium spp. (Drasar and Barrow, 1985) , so these results are not surprising. Both groups contain species that can have beneficial and negative effects on the host animal. Analysis of the data via the dendrogram to examine relatedness among bacteria indicated only slight differences due to calf age or pasteurization of the waste milk.
The detection of Salmonella, an important bacterial pathogen in dairy calves, in only the 1-wk-old animals fed nonpasteurized milk was surprising. These data support what has been expressed by dairy producers in numerous personal communications: that Salmonella is a primary concern only in the very young dairy calf. After 1 wk of age, it appears that Salmonella are largely excluded from the intestinal microbiota, or at least their populations are reduced dramatically. We do not know if the young calves with the detectable populations of Salmonella also suffered from clinical manifestations of salmonellosis. Somewhat surprising are the differences in the percentage of Salmonella-positive fecal samples among calves fed the 2 types of waste milk. We hypothesized that feeding pasteurized waste milk would reduce the incidence of Salmonella in calves compared with those receiving nonpasteurized milk. Or, the dif- Figure 3 . Dendrogram presenting the level of relatedness among fecal samples based upon the 50 most prevalent genera. The percentage of each of the most abundant genera is based upon relative percentage within calves grouped by age (1 to 4 wk of age and 2 to 6 mo of age) from 2 farms feeding either pasteurized (farm A) or nonpasteurized (farm B) waste milk to calves. ferences in Salmonella prevalence could be differences among farms as we have reported previously (Edrington et al., 2004) . Ideally, we would have preferred to use calves on a single farm and feed them the 2 types of waste milk. However, the reader is reminded that this research was conducted on a commercial dairy farm and in the farm's interest of limiting worker interruptions and maintaining profitability, we were required to make concessions with the experimental design and use 2 different farms. Based on the similarities in Salmonella (expressed as a percentage of the total bacterial population) among milk treatments, it is reasonable to assume that the differences in fecal Salmonella prevalence (% of Salmonella-positive samples) could also be a factor of farm and not milk source.
Overall, the results of the current research are somewhat surprising in that there were not more consistent differences among calves fed pasteurized or nonpasteurized waste milk. We speculated that nonpasteurized milk would provide a more substantial source of bacteria for gut colonization and subsequently be reflected by a greater bacterial diversity. However, just the opposite was observed and indicates that the recontamination of milk following pasteurization may provide a better source of bacteria for gut establishment. Salmonella populations were similar among treatments, indicating that bacteria provided in both milk sources were effective in reducing Salmonella in the digestive tract of calves. It would also appear from this data that milk-borne Salmonella is not an important vector for transmission to young dairy calves, at least not on these farms. Although the bacterial diversity (as measured by number of different species) data indicate a benefit of pasteurization, the Salmonella data does not show any clear benefit. However, the potential benefits of pasteurization in disease prevention clearly outweigh the potential risks of feeding a nonpasteurized product and should be incorporated into any calf-rearing program using nonsaleable waste milk for feeding young dairy calves.
